A new procedure for the thermal design of micro-and nano-satellites is proposed for completing the thermal design of micro-and nano-satellites within about one year. First, two concepts of thermal design are considered for maintaining the temperature change of units within an allowable range. One concept involves decreasing the temperature change of units by using the whole thermal capacity of the micro-and nano-satellite. The other concept involves decreasing the temperature change of the inner structure on which units with a narrow allowable temperature range are mounted and which is insulated conductively from the outer structure. Then, the temperatures of micro-and nano-satellites designed with the former concept are calculated using a one-node analysis method. The temperatures of micro-and nano-satellites designed with the latter concept are calculated using a two-node analysis method. The combinations of optical properties of the structures and units to maintain the temperature of units within the allowable range are obtained by using one-or two-node analysis. Finally, the multinode analyses are carried out to obtain a detailed design based on the optical properties obtained from the one-node analysis or two-node analysis. This thermal design procedure is applied to the Hodoyoshi-1 satellite, which is about 50 cm wide, 50 cm deep, 50 cm high, has a mass of about 50 kg, two inner plates, and solar cells on the body, flies on the Sun-synchronous orbit at the altitude of 500 km, and is pointing to the Earth. The thermal design of this micro-satellite was completed within about ten months. Possible problems with the procedure are tested, and the procedure is verified.
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Introduction
In the thermal design of spacecraft, many parameters should be decided in such a way that the units of the spacecraft are within allowable temperature ranges. These parameters include absorptivity and emissivity of the outer structures, emissivity on the inner plates, thermal conductance between the inner structures and the outer structures, heater power, and radiator area. Entrepreneurs are interested in developing micro-and nano-satellites because of the smaller initial investment required than that of a standard-sized satellite. The development period of micro-and nano-satellites is predicted to become shorter for realizing missions as soon as possible after initiating an order to develop a micro-or nano-satellite. In "Establishment of New Paradigm of Space Development and Utilization with Nano-satellites introducing Japaneseoriginal Reasonably Reliable Systems Engineering" project, 1) one of the goals is that the thermal design is completed within one year despite the difficulties of low heat capacity and low power generation of micro-and nano-satellites. A simple design is required to shorten the development period of microand nano-satellites. A simple design leads to a simple analysis, a short fabrication time, and a small number of test items. To shorten the development period of micro-and nano-satellite, it is essential to establish a suitable procedure for their thermal design. However, few studies have been conducted into the thermal design of micro-and nano-satellites to shorten the development period. In this paper, a procedure for the thermal design of micro-and nano-satellites is proposed. One-node analysis, two-node analysis, and multinode analysis are used in the proposed procedure.
Two Concepts for Thermal Design
The mass of micro-and nano-satellites in this study is equal to or less than 50 kg. Micro-and nano-satellites are lighter than standard-sized satellites. The temperatures of micro-and nano-satellites also change more easily than those of standardsized satellites because the thermal capacities of micro-and nano-satellites are low. In many cases, the solar cells are mounted on the bodies of micro-and nano-satellites. Microand nano-satellites do not have sufficient electrical power to control the temperatures of all units.
Two concepts of thermal design are considered to maintain the temperature change of units within the allowable temperature range of units. One concept is to reduce the temperature change of units by using the whole thermal capacity of the micro-or nano-satellite (Concept 1). The other concept is to reduce the temperature change of the inner structure on which units are mounted with a narrow allowable temperature range and which is insulated conductively from the outer structure (Concept 2). In Concept 1, the heat transfer between units and structures, and between structures, by thermal conduction and radiation is enhanced. In Concept 2, the heat transfer between the outer structure and the inner structure by thermal conduction is reduced. The heat transfer between units and inner structures, and between inner structures, by thermal conduction and radiation is enhanced.
However, thermal contact resistance is difficult to calculate. Thermal contact resistance takes a long time to establish through thermal vacuum tests. In Concept 1, a thermally conductive sheet is inserted between units and structures, and between structures, to reduce the influence of the thermal contact resistance. In Concept 2, a heat insulator is used between the outer structure and the inner structure to prevent the transference of any change in the input heat of the outer structure by thermal conduction.
The structures of micro-and nano-satellites are smaller than those of standard-sized satellites. The temperature difference in the structures of micro-and nano-satellites is smaller than that of standard-sized satellites. In both concepts mentioned above, an aluminum alloy with high conductivity is adopted to standardize the temperatures of the structures.
Analysis Method
One-node analysis is suitable for calculation of the temperatures of micro-and nano-satellites designed under Concept 1. In this case, the whole satellite has one node. Twonode analysis, in which the outer structure has one node and the inner structure has one node, is adequate under Concept 2. The temperature is calculated at the node. These methods have the advantage that the parameter survey can be carried out in a short period of time. Although multinode analysis has the advantage that the temperature of the satellite can be calculated in detail, the parameter survey cannot be carried out in a short period of time. 
Energy equation
The energy equation of the inner structure in two-node analysis is expressed as follows:
The energy equation of the outer structure in two-node analysis is shown in Eq. (3) .
Net heat rate of absorbed input heat Q ex
The net heat rate of absorbed input heat in one-node analysis is expressed as
The net heat rate of absorbed input heat in two-node analysis is
where the first term of the right-hand side represents the energy of direct solar radiation absorbed by the satellite. The second term indicates the energy (albedo) absorbed by the satellite. The third term is the infrared radiation energy emitted from the Earth's surface and absorbed by the satellite. The fourth term denotes the infrared radiation energy from satellites. The solar absorptivity and the infrared emissivity on the outside of the outer structure are calculated as the area averages, respectively,
O out
The configuration factor from a satellite to the Earth is the ratio of the energy reaching the Earth to that emitted from the whole surface of the satellite. The configuration factor from the satellite to the Earth is expressed in the case of Earthpointing satellites as, 2) F s e l 2 F ns e l 2 4 F ps e l 2 ,
where
F ps e is used in calculating of the configuration factor of the albedo, 
The projected unit area with respect to the Sun, Ap/l, is calculated by vector analysis, for example, using the method by Totani et al. 4) 3.3. Heat transfer rate between inner structure and outer
structure, Q I O , Q O I
The heat transfer between an inner structure and an outer structure consists of thermal conduction and radiation. The heat transfer rate from the inner structure to the outer structure, and that from the outer structure to the inner structure, are expressed, respectively, as follows:
The heat transfer rate of radiation from the inner structure to the outer structure, and that from the outer structure to the inner structure, are expressed, respectively, as follows:
Q O I r enclosed region
The shapes of units are not considered in one and two-node analysis. In two-node analysis, the configuration factor between the plates is calculated as that between the inner structure and the outer structure. In multinode analysis, calculation of the configuration factor between the inner structure and the outer structure is numerically carried out using a Monte Carlo method. An insulator or a thermally conductive sheet is inserted between the inner structure and the outer structure. The heat transfer rate of conduction from the inner structure to the outer structure, and that from the outer structure to the inner structure, are expressed, respectively, as follows:
Power control terms, Pgen, Q sh i , Pi
The generation and dissipation of electric power can be classified according to the following four conditions: [1] eclipse, [2] the generation of electric power is smaller than the dissipation, [3] the generation of electric power is larger than the dissipation, and the battery is not fully charged, and [4] the generation of electric power is larger than the dissipation, and the battery is fully charged.
The power generation does not occur at the solar cell during eclipse. The power generation occurs at the solar cell by direct solar and albedo radiation and is expressed as follows:
The power dissipation at the shunt is carried out in case [4] to prevent overcharge of the battery. For one-node analysis,
For two-node analysis,
Proposed Thermal Design Procedure
A new procedure for the thermal design for micro-and nanosatellites is proposed. The key steps of this new procedure are as follows: 1) simple designs (Concept 1 and Concept 2) are applied to the thermal design, 2) simple analysis methods (one-node analysis method and two-node analysis method) are used for the temperature analysis of the satellites, and 3) only those units with temperatures that are not within the allowable temperature range are designed using the multinode analysis method. The detailed procedure is as follows.
Step 1 is to attempt Concept 1. Then, the combinations of optical properties, O-out and O-out, are clarified using the one-node analysis, under which the temperature of the satellite becomes within the allowable temperature range. If the combination can be accepted, the heat transfer based on conduction is adopted as the form of heat transfer between inner structures and outer structures; then, go to Step 3. If not, go to Step 2.
Step 2 is to attempt Concept 2. The combinations of the optical properties of inner structures and outer structures, Oout, O-out, O-out and I, are obtained using the two-node analysis in which the form of heat transfer between the inner structures and the outer structures is radiation; Q I O c 0 and Q O I c 0 . If the combination can be accepted, the heat transfer based on radiation is adopted as the form of heat transfer between inner structures and outer structures; then, go to Step 3. If not, the analysis conditions are modified, such as the orbit and the allowable temperature range.
Step 3 involves conducting multinode analysis by using accepted optical properties and the form of heat transfer between the inner structures and the outer structures. If the temperatures of all units are within the allowable temperature range, the thermal design is completed. If not, the emissivity of the units is modified where the temperature is beyond the allowable temperature range, as well as the form of heat transfer between the inner plate and those units. Go to Step 3 again.
In the thermal design of satellites, the tasks that consume the largest amount of time are the parameter survey using multinode analysis and the measurement of the thermal contact resistance between the structures and units. The procedure proposed in this paper contributes to shortening the period of time required for the thermal design because the parameter survey is carried out using one-node analysis or two-node analysis, which require less calculation time, and because the accepted thermal concept is only very slightly influenced by the thermal contact resistance. The optimal thermal design is not obtained in this procedure. It is believed that a reasonable thermal design can be obtained because the parameter survey is conducted using one-node analysis or two-node analysis. 
Verification of Proposed Thermal Design Procedure

Satellite model
A satellite model was designed to verify the proposed procedure for the thermal design of micro-and nano-satellites by referring to the Hodoyoshi-1 satellite 5) managed by the Axelspace Corporation. The schematics, the configuration, and the specifications of the satellite model are shown in Fig.  1, Fig. 2 , and Table 1 , respectively. The inner structure consists of two plates. Tables 2 to 4 show the specifications of the units, the structures, and the solar cell, respectively. The outer structure and the inner structure comprise an aluminum honeycomb panel. It is difficult to estimate and measure the specific heat of units. The specific heat of the units is set to 720 J/(kg K). This value corresponds to 80% of the specific heat of aluminum alloy A5052, which is 900 J/(kg K). 6) The conductivity of the honeycomb panel is estimated by referring to Gilmore's book. 7) It is often the case that the specific heat of the adhesion used for the honeycomb panel is not clarified. The specific heat of the honeycomb is set to 714 J/(kg K). This value corresponds to 80% of the specific heat of aluminum alloy A3003, which is 893 J/(kg K). 
5.2.
Step 1: one-node analysis Table 5 shows the conditions used in one-node analysis. The mass, the size, and the heat dissipation of the satellite model used in the one-node analysis are the same as those in the satellite model shown in Tables 1 and 2 . The thermal conductance between the inner and outer structures and that between structures and units are set to infinity in the one-node analysis. The allowable temperature range in the one-node analysis is different from that of the satellite model shown in Table 2 . In the case that the development period of a thermal design is within 1 year, the allowable temperature range will change easily during the development period. The allowable temperature range is different from that shown in Table 2 so as to consider the same situation. Table 6 shows the worst cold conditions and the worst hot conditions. The position of the node in the one-node analysis is shown at the left-hand side of Fig. 3 . The whole satellite has one node. The average temperature of the whole satellite is calculated at this node. Figure 4 shows the flow chart of the one-node analysis. The calculation grids divide an orbit into 8000 parts in such a way that one grid is located at the entrance of the region of eclipse and the other grid is located at the exit of the region of eclipse. The absorptivity, O-out, and emissivity, O-out, are set at 0.01 intervals, respectively.
The one-node analysis was carried out under the conditions shown in Tables 5 and 6 . There was no combination of solar absorptivity, O-out, and infrared emissivity, O-out, of the outside of the outer structure, which indicated that the temperature of the satellite was within the allowable temperature range. This result verifies that Concept 1 is not capable of maintaining the temperature of the satellite model within the allowable temperature range. Table 7 shows the conditions for conducting two-node analysis. The mass and the heat dissipation of the satellite model are separated into those of the inner structure and those of the outer structure by reference to the configuration of units shown in Figs. 1 and 2 , and the specification of units shown in Table 2 , respectively. The size of the satellite model used in the two-node analysis corresponds to that of the satellite model shown in Tables 1 and 2 . The thermal conductance between the inner and the outer structure and that between structures and units are set to zero in the two-node analysis based on Concept 2. The shunt is mounted on the outer structure because the sequential shunt was adopted in the Hodoyoshi-1 satellite. The heat dissipation rate at the shunt in the inner structure, Q sh I , is zero in Eq. (20). The allowable temperature range of the inner structure in two-node analysis is the same as that in one-node analysis. The allowable temperature range of the outer structure is set to be wider than that of the inner structure in two-node analysis. It is highly probable that the temperature change of the outer structure will be larger than that of the inner structure. The units with the narrower allowable temperature range are mounted on the inner structure, and the units with the wider allowable temperature range are mounted on the outer structure. The worst cold conditions and the worst hot conditions are shown in Table 6 . The positions of the nodes in two-node analysis are shown at the right-hand side of Fig. 3 . One node is set on the outer structure, and the other node is set on the inner structure. The average temperatures of the inner structure and the outer structure are calculated, respectively. Figure 5 shows the flow chart of the two-node analysis. The calculation grids divide an orbit into 8000 parts, the same as in the one-node analysis. The absorptivity, O-out, and the emissivity, O-out, of the outside of the outer structure are set at 0.01 intervals. The emissivity of the inside of the outer structure, O-in, and the emissivity of the inner structure, I, are set at 0.1 intervals. The configuration factor of Eqs. (14) and (15) is calculated by reference to "C-11: Identical, parallel, and directly opposed rectangles" and "C-14: Two finite rectangles of the same length, having one common edge, and at an angle of 90° to each other" from Siegel et al.'s book.
Step 2: two-node analysis
2)
The two-node analysis was carried out. Combinations of the solar absorptivity and the infrared emissivity of the outside of the outer structure, O-out and O-out, respectively, were obtained when the temperatures of the satellite were maintained within the allowable temperature range under the worst hot conditions and under the worst cold conditions. The solar absorptivity and the infrared emissivity of the radiation area (6) and (7) by substituting the obtained O-out and Oout and substituting the area ratio of the solar cell on the outside of the outer structure in the whole satellite, c, shown in Table 1 . Figure 6 shows the calculated combinations of the solar absorptivity and the infrared emissivity of the radiation area on the outside of the outer structure, R and R. The legend in Fig. 6 indicates the numbers of combinations of the emissivity of the inside of the outer structure O-in and the emissivity of the inner structure I when the temperatures of the satellite were within the allowable temperature range at an R and an R. Table 8 shows the optical properties of aluminum alloy surface finish that is available in Japan. The good availability of surface finish is important for shortening the development period of a micro-or nano-satellite. Alodine 1000 was chosen as the surface finish of the outside of the outer structure by reference to Fig. 6 and Table 8 . The solar absorptivity, , and the infrared emissivity, , of Alodine 1000 are 0.15 and 0.038, respectively. Then, the emissivity of the inside of the outer structure, O-in, and the emissivity of the inner structure, I, are considered. Figure 7 shows the maximum and minimum temperature on the outer and inner structure at R = 0.15, and R = 0.038. The allowable temperature range of the outer structure is -20 to 40 °C, as shown in Table 5 . The allowable temperature range of the inner structure is 10 to 40 °C. As shown in Fig. 7 , the maximum temperature of the outer structure is lower as the emissivity of the inside of the outer structure and that of the inner structure are larger. The minimum temperature of the outer structure is higher as the emissivity of the inside of the outer structure and that of the inner structure are larger. The curves of the maximum temperature of the inner structure exhibit almost the same trend when the emissivity of the inside of the outer structure is 0.4 or above. The maximum temperature of the inner structure drastically decreases when the emissivity of the inner structure is in the range of 0.1 to 0.4. This means that a small change in the emissivity because of a production error or degradation leads to a large change in temperature. The maximum temperature of the inner structure is minimal when the emissivity of the inner structure is near 0.5 and when the emissivity of the inside of the outer structure is 0.4 or above. The maximum temperature of the inner structure gradually increases as the emissivity of the inner structure is larger when the emissivity of the inner structure is in the range of 0.4 to 0.9. The minimum temperature of the inner structure decreases when the emissivity of the inner structure is 0.3 or above and when the emissivity of the inside of the outer structure is 0.4 or above, and it becomes less than the lowest allowable temperature limit. To maintain the temperature of the units within the allowable temperature range and to prevent a large change in temperature because of production errors or degradation, it is therefore appropriate to set the emissivity of the inside of the outer structure, O-in, and the emissivity of the inner structure, I, to 0.4. The normal emissivity of UPILEX 012R-TANN is 0.42. Here, let us assume that the allowable temperature range of the outer structure, which is -20 to 40 °C and the allowable temperature range of the inner structure, which is 10 to 40 °C, change. The new allowable temperature range of the outer structure and that of the inner structure are now -20 to 35 °C and 5 to 35 °C, respectively. The maximum temperature of the outer structure shown in Fig. 7 is beyond the highest limit of the new allowable temperature range. Black alumite is chosen as the surface finish of the inside of the outer structure and the inner structure in the case of the new allowable temperature range.
Step 3: multinode analysis
The multinode analysis of the satellite model is shown in Fig. 1, Fig. 2 and Table 2 . The demands from the other subsystem are applied to the satellite model used in the multinode analysis. The surface finish of the battery is Alodine 1200, as shown in Table 8 . The surface finish on the inside and that on the outside of the opening of the star tracker are black alumite and Alodine 1000, respectively, as shown in Table 8 . The surface finish on the outside and that on the inside of the outer structure of the Sun sensor are black alumite and Alodine 1200, respectively, as shown in Table 8 . Figure 8 indicates the schematics of the mission camera. The surface finish on the inside of the opening of the mission camera is black alumite, as shown in Table 8 . The outside of the hood of the mission camera is Alodine 1000, as shown in Table 8 . The surface finish on the legs of the mission camera is black alumite, as shown in Table 9 . A multi layer insulator (MLI) is set to the outside of all parts of the mission camera except for the hood and the legs. The effective emissivity of MLI and the optical properties on the mirror and the lens are shown in Table 9 . The optical properties of the radiative area on both sides of the outer structure, the inner structure, and all 
Hood Lens unit Mirror
Leg the units except for the battery, the star tracker, the Sun sensor, and the mission camera are set to the optical properties obtained in
Step 2: for two-node analysis, R = 0.15, R = 0.038, O-in = 0.88, and I = 0.88. To realize conductive heat transfer in two-node analysis, thermally conductive sheets are inserted between the plates of the outer structure and between the plates and the units. Insulators with the thickness of 1.0 mm are set between the outer structure and the inner structure. The conductivities of the thermally conductive sheet and the insulator are shown in Table 10 . The number of nodes in the multinode analysis is shown in Table 11 . The allowable temperature range of the multinode analysis is shown in Table 2 . The worst cold conditions and the worst hot conditions in the multinode analysis are shown in Table 12 . Production errors and degradation of the surface finish are considered in the cases of the worst cold and worst hot conditions in one and two-node analysis shown in Table 6 . The heat transfer rate of radiation from node i to node j and that from node j to i are expressed, respectively, as follows:
It is difficult to mathematically calculate Fi-j and Fj-i in the multinode analysis because the shape and the configuration of node i and node j are complicated. Fi-j and Fj-i are numerically calculated using a Monte Carlo method. In this study, SINDA/FLUINT/RadCad version 4.8 was used as a solver, and Thermal Desktop version 4.8 was used as a pre-processing and post-processing tool. Table 13 shows the temperature of the units obtained by the The temperature of the battery under the worst cold conditions is below the lowest limit of the allowable temperature range and beyond the highest allowable temperature limit. The temperature of the star tracker exceeds the highest temperature limit.
The satellite model used in the multinode analysis is modified as follows. 1) The conductive control material between the Earth-pointing surface (-Z) and the inner structure is changed from the insulator to the thermally conductive sheet.
2) The surface finish on the outside of the hood of the star tracker is changed from Alodine 1000 to black alumite. 3) The conductive thermal material between the battery and the inner structure is changed from the thermally conductive sheet to the insulator. 4) The surface finish on the outside of the -X plate in the outer structure is changed from Alodine 1000 to white alumite. The temperatures of the units after these modifications are shown in Table 14 . The temperatures of all units successfully decreased to less than those shown in Table  13 . All the units except for the battery remained within the allowable temperature range. The temperature of the battery under the worst cold conditions was below the lowest limit of the allowable temperature range. A 2.9 W heater was thus set on the battery. With this 2.9 W heater, the temperature range of the battery was within the range of 4.1 to 8.3 °C under the worst cold conditions. It is thus believed that a 5 W heater will improve the temperature of the battery within the allowable temperature range under the worst cold conditions. This thermal design was completed within a short period of ten months including the development of one and two-node analysis codes and the development of the satellite model for the multinode analysis. Note that the solar contact, Earth infrared radiation, and albedo under the worst cold and worst hot scenarios are severe situations. These situations are likely to occur for only three hours per year. Degradation of the optical properties and shifts in the local time of the decending node are also considered under the worst cold conditions and the worst hot conditions. The thermal design obtained has high robustness. Therefore, the thermal design procedure proposed in this paper should have a positive impact on completing the thermal design of micro-and nano-satellites within a short period and with sufficient reliability.
Conclusions
The procedure for the thermal design of micro-and nanosatellites has been proposed to complete the thermal design of micro-and nano-satellites within about one year. First, two concepts of thermal design were considered to maintain the temperatures of units within their allowable temperature range. One concept involves decreasing the temperature change by using the whole thermal capacity of the micro-or nano-satellite (Concept 1). The other concept involves decreasing the temperature change of the inner structure on which units with a narrow allowable temperature range are mounted (Concept 2). With the proposed procedure, one-node analysis and two-node analysis were carried out for the parameter survey of the optical properties that are expected to maintain the temperature of units within the allowable temperature range. The optical properties with which the micro-and nano-satellites designed under Concept 1 are within the allowable temperature range were obtained by the one-node analysis. Two-node analysis, in which the outer structure has one node and the inner structure has one node, was used to obtain the optical properties with which the micro-and nano-satellites designed under Concept 2 are within the allowable temperature range. Finally, multi-node analysis was carried out for the detailed design using the optical properties obtained by the one-node analysis or the two-node analysis. This thermal design procedure was applied to the Hodoyoshi-1 satellite, which is about 50 cm wide, 50 cm deep, and 50 cm high, has a mass of about 50 kg, two inner plates, and solar cells on the body, flies on the Sunsynchronous orbit at the altitude of 500 km, and is pointing to the Earth. This thermal design was completed within a short period of ten months including the development of one and two-node analysis codes and the satellite model for the multinode analysis. It was verified that the thermal design procedure proposed in this paper can have a positive impact on completing the thermal design of micro-and nano-satellites within a short period and with sufficient reliability.
